Introduction
Most surgical procedures induce significant acute postoperative pain that can be difficult to treat despite the use of multimodal analgesic regimens that include the combined use of opioids and cyclooxygenase (COX) inhibitors. 15 Morphine is the mainstay treatment for acute postsurgical pain, while COX inhibitors are often used as primary or adjunct analgesics. 2, 8, 17, 29, 31 However, perioperative administration of opioids can lead to respiratory depression, paralytic ileus, and increased risk of addiction, and in patients
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Luk et al with a history of opioid use, further complications during recovery. 11, 26, 41 Similarly, use of COX inhibitors increases the risk of postoperative bleeding, most prominently in older patients and in those with cardiovascular disease. 14, 19, 20 Therefore, there is a need to develop novel non-opioid analgesics that lack these harmful side effects and are suitable for use during the perioperative period.
The endocannabinoid 2-arachidonoylglycerol (2-AG) is an endogenous ligand for cannabinoid receptors and produces antinociceptive effects in animal models of inflammatory, visceral, and neuropathic pain. 3, 22, 37 The hydrolysis of 2-AG yields arachidonic acid (AA), which serves as a substrate for COX enzymes that contribute to the production of a variety of eicosanoids including prostaglandin E2 (PGE 2 ). Surgical procedures increase PGE 2 levels at the surgical site and spinal cord, and COX inhibitors reduce PGE 2 production and alleviate postoperative pain. 6, 8, 10, 34, 49 Recent work strongly suggests an important link between the endocannabinoid and eicosanoid systems, wherein downstream 2-AG metabolism produces AA that is subsequently converted into eicosanoids. 36 The principal pathway for 2-AG biosynthesis involves the enzymatic release of 2-AG from diacylglycerol that is catalyzed by two related enzymes, diacylglycerol lipase alpha (DAGLα) and diacylglycerol lipase beta (DAGLβ). DAGLα is the main enzyme that synthesizes 2-AG in neural tissues, whereas DAGLβ synthesizes 2-AG in cells of immune origin such as macrophages and microglia. 13, 21, 43, 45 Previous work has shown that macrophages derived from DAGLβ-knockout mice or mice treated with the selective irreversible DAGLβ inhibitor KT109 demonstrate reduced inflammatory effects, characterized by decreased production of 2-AG, eicosanoids, and cytokines after challenge with lipopolysaccharide. 21 DAGLβ-knockout mice and mice treated with KT109 also show antinociceptive effects in a model of inflammatory pain. 46 In contrast to DAGLβ, inhibition of DAGLα reduces brain and spinal 2-AG levels, induces anxiety, and may exacerbate pain. 13, 18, 24, 40, 43 The contribution of DAGLβ activity toward 2-AG and eicosanoid production during the postoperative period has not been examined. The goal of this work was to explore whether DAGLβ inhibition reduces postsurgical PGE 2 production and postsurgical pain in rats.
Materials and methods
Drugs and chemicals
Ketoprofen, 2-AG, PGE 2 
Animals
All experiments were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the Stony Brook University Institutional Animal Care and Use Committee (protocol #564663). This study utilized male Sprague Dawley rats 10-16 weeks of age. The rats were maintained on a 12:12 h light:dark cycle with ad libitum access to food and water.
Synthesis of KT109
A solution of 2-benzylpiperidine (500 mg, 2.85 mmol) in tetrahydrofuran (THF) (25 mL) was treated with diisopropylethylamine (1.5 mL, 8.55 mmol) and triphosgene (423 g, 1.43 mmol), and the reaction mixture was stirred for 30 min at 4°C. The mixture was poured into water and extracted with ethyl acetate. The organic layer was washed with water and brine, dried over anhydrous magnesium sulfate, and concentrated under reduced pressure. The intermediate was dissolved in THF (30 mL), and diisopropylethylamine (1.5 mL, 8.55 mmol), 4-Dimethylaminopyridine (348 mg, 2.85 mmol), and 4-(4-bromophenyl)-1H-1,2,3-triazole (1) (639 mg, 2.85 mmol) were added to the solution. The mixture was stirred for 2 h at 60°C and poured into saturated aqueous NH 4 Cl solution. The mixture was extracted with ethyl acetate, washed with water, and dried over anhydrous magnesium sulfate. The crude mixture was purified by flash column on silica gel with ethyl acetate/hexane (1:5) as the eluent to give (2-benzylpiperidin-1-yl)carbonyl-4-(4-bromophenyl)-1H-1,2,3-triazole (320 mg, 27% yield) as a yellow solid: 1 A solution of (2-benzylpiperidin-1-yl)carbonyl-4-(4-bromophenyl)-1H-1,2,3-triazole (1) (850 mg, 2.0 mmol) in THF (73 mL) and water (36 mL) was treated with phenylboronic acid (488 mg, 4.0 mmol), K 2 CO 3 (829 mg, 6.0 mmol), and PdCl 2 (dppf) (55 mg, 0.075 mmol), and the reaction mixture was stirred for 2 h at 80°C under N 2 . The mixture was poured into water and extracted with ethyl acetate. The organic layer was washed with water and dried over anhydrous magnesium sulfate. The crude mixture was purified by flash column on silica gel with ethyl acetate:hexane (1:4) as the eluent to give KT109 (709 mg, 84%) as an off-white solid: 1 Activity-based protein profiling (ABPP)
HEK293T cells (ATCC, Manassas, VA, USA) were transfected with pcDNA4 vector expressing rat DAGLβ (NM_001107120.1) or empty vector controls. Twenty-four hours later, the cells were lysed in activity buffer (5 mM CaCl 2 , 100 mM NaCl, 50 mM HEPES, pH 7) and diluted to a concentration of 1 mg/mL. The proteomes were incubated with KT109 or DMSO (<0.5%) for 30 min at room temperature. The samples were subsequently treated with the selective active site directed fluorescent probe, 1 μM HT-01, for 30 min at 37°C. The reactions were quenched with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample loading buffer, heated at 95°C for 5 min, and subsequently separated by SDS-PAGE. The gels were fixed by incubating twice with water:methanol:acetic acid (50:40:10, v:v) for 15 min each and subsequently washed in H 2 O for 15 min. The gels were visualized on a GE Typhoon FLA 7000 fluorescent gel scanner. For ABPP of rat tissues, the animals received an intraperitoneal (IP) injection of 30 mg/kg KT109 or vehicle 1 h before plantar incision, and tissues were harvested 4 h after incision. The tissues were homogenized in activity buffer, treated with 1 μM HT-01 as above, separated by SDS-PAGE, and visualized on the gel scanner.
Plantar incision
Rats were subjected to plantar incision of the hind paw, a well-characterized model of postsurgical pain. 5 Surgeries were performed under 2%-2.5% isoflurane anesthesia delivered in O 2 via a snout mask. The animals were maintained normothermic during the surgical procedure using a heating pad. The heel was sterilized with 70% ethanol followed by betadine solution and a 1 cm longitudinal incision was made through the skin and fascia of the plantar surface of the right hind paw beginning ~0.5 cm from the heel. The plantaris muscle was lifted and longitudinally transected, and the wound closed with two prolene mattress sutures. The wound was subsequently cleaned with 70% ethanol and an antibiotic ointment was applied. Sham procedures consisted of anesthesia and disinfection of the hind paw, but without incision. KT109, ketoprofen, or vehicle (DMSO) was injected 1 h prior to surgery via the IP route in a volume of 1 μL/g body weight.
Lipid quantification
Rats were anesthetized with isoflurane and decapitated with a small animal guillotine. The lumbar spinal cords (LSCs) and heels of each hind paw were removed and flash frozen on dry ice and stored at −80°C. Endocannabinoid quantification was performed as described. 25 Briefly, the tissues were weighed and homogenized using a bead beater in 8 mL of 2:1:1 chloroform:methanol:Tris (50 mM, pH 8) in the presence of 40 ng d 5 -2-AG, 20 ng d 4 -PGE 2 , and 200 d 8 -AA. Following centrifugation at 4°C, the organic layer was removed and the sample was extracted again. The resulting combined organic layer was dried down with argon and redissolved in 120 μL of 2:1 chloroform:methanol for endocannabinoid quantification or 120 μL 40% acetonitrile in water (v:v) for PGE 2 and AA quantification, and 10 μL of each sample was injected into a Thermo Fisher Scientific TSQ Quantum Access Triple Quadropole mass spectrometer in triplicate. The parameters for the endocannabinoid quantification were as described. 25 AA and PGE 2 analysis was performed on a Thermo Fisher Scientific 3000 HPLC system equipped with a Luna C18 column (150×2 mm) coupled to the electrospray 
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Luk et al ionization source of a Thermo Fisher Scientific TSQ Quantum Access triple quadrupole mass spectrometer. Separation was performed with a linear gradient of buffer A (H 2 O) and buffer B (acetonitrile) starting with 40% buffer B followed by an increase to 90% buffer B in 20 min with a flow rate at 200 μL/min. The mass spectrometer was operated in the negative ion mode with a high voltage set to −3.0 kV, sheath gas pressure at 50 AU, and a capillary temperature of 350°C. The collision cell was operated at 1.5 mTorr Argon. The collision energy varied depending on the compound. Each transition was monitored at a 100 ms dwell time during the course of the experiment.
Mechanical hyperalgesia
Rats were habituated to the testing room for 1 week. An electronic von Frey anesthesiometer (IITC Life Sciences, Woodland Hills, CA, USA) was applied with increasing static pressure to the plantar surface of the hind paw or heel until the animals lifted the hind paw as previously described. 12 The number of grams of force applied by the probe to induce withdrawal was recorded. Five recordings were obtained on each hind paw with at least 2 min between measurements.
Incapacitance
An incapacitance meter (IITC Life Sciences) was used to measure hind limb weight bearing. The animals were first conditioned to the apparatus each day for up to 1 week prior to the baseline measurements. Postsurgical measurements were obtained 4 h after surgery. At least seven weight-bearing measurements were obtained and, after disregarding the highest and lowest values, the trimmed means were expressed as the mean differences (g) between the left and right hind paws.
Measurement of postsurgical locomotor activity
Rats were maintained in their home cages and were placed in the PAS Home Cage apparatus (San Diego Instruments, San Diego, CA, USA) to measure mobility and rearing behavior before and after surgery. Each cage was surrounded by a 4×8 photobeam array that detected and recorded movements in the X/Y direction, as well as an eight-beam rearing frame that detected rearing (vertical, Z-axis) events. The animals were first conditioned for several days in the same cages in the testing room to avoid novelty-induced changes in locomotor activity. To obtain baseline (presurgical) data, the animals were injected with KT109, ketoprofen, or vehicle 1.5 h prior to the onset of the dark cycle. The locomotor data were obtained during the subsequent 12 h dark period. The same procedure was used to obtain the postsurgical data. Specifically, rats received an injection of drug or vehicle, underwent plantar incision 1 h later, and were returned to their home cages prior to the beginning of the dark cycle.
Statistical analysis
Data are presented as mean ± SE. Unpaired t-test or one-way analysis of variance followed by Tukey's or Dunnett's post hoc tests, as appropriate, were used to determine significance of differences between means. We considered p values <0.05 as significant.
Results
KT109 is a systemically active DAGLβ inhibitor in rats
KT109 is a selective and irreversible DAGLβ inhibitor that does not inhibit the related enzyme DAGLα in mice. 21 To determine whether KT109 inhibits rat DAGLβ, we performed ABPP of DAGLβ inhibition using the active site probe HT-01. 21 In ABPP, active enzymes are labeled by a fluorescent active site-directed probe, which allows visualization of enzyme activities and their inhibition in vitro and ex vivo. 32, 35 Consequently, enzymes treated with inhibitors exhibit reduced labeling by the active site probe. ABPP demonstrated that KT109 dose dependently inhibited DAGLβ activity in vitro ( Figure 1A ), confirming that this inhibitor is suitable to probe the activity of rat DAGLβ. HT-01 also labeled a nonspecific breakdown product of DAGLβ that was similarly inhibited by KT109 ( Figure 1A) , as reported previously in mice. 21 In mice, KT109 maintains selectivity for DAGLβ at a dose of 30 mg/kg. 21, 46 To determine whether KT109 inhibits rat DAGLβ in vivo, we performed ABPP on brains and LSCs of rats treated with KT109 (30 mg/kg, IP) or vehicle. KT109 inhibited both brain and LSC DAGLβ ( Figure 1B) . In the brain, KT109 also inhibited the unrelated enzyme alpha/beta-hydrolase domain containing 6 (ABHD6) (Figure 1B) , as previously reported in mice. 21 Importantly, although ABHD6 can hydrolyze 2-AG to generate AA, it does not contribute significantly to eicosanoid levels in various tissues and its inhibition does not produce antinociceptive effects. 21, 46 We subsequently determined whether DAGLβ inhibition alters 2-AG, AA, and PGE 2 levels in rats. In mice, DAGLβ inhibition reduces basal levels of 2-AG and AA in the liver, but not brain. 21, 45 Our results similarly revealed that KT109 reduced the liver levels, but not brain levels of 2-AG and AA (Figure 2) , despite sufficient penetration of the inhibitor in the brain as demonstrated by our ABPP analysis (Figure 1) . Furthermore, we also demonstrate that 
477
Contribution of diacylglycerol lipase β to pain after surgery 
478
Luk et al KT109 treatment suppresses PGE 2 production in the liver ( Figure 2A ). Collectively, these results indicate that KT109 is a systemically active central nervous system penetrant DAGLβ inhibitor in rats.
Effects of DAGLβ inhibition upon postoperative PGE 2 production
Plantar incision induces an increase in PGE 2 levels at the surgical site and spinal cord, and inhibition of COX enzymes reduces PGE 2 production and pain. 28, 34, 49 Because incisional pain and analgesic responses are similar between the genders in Sprague Dawley rats, we conducted our studies only in male rats. 27 We quantified PGE 2 levels at the surgical site and LSC 4 h after plantar incision and observed an increase in PGE 2 production at both sites ( Figure 3) . Similarly, 2-AG levels were increased in LSC after surgery, while the levels at the surgical site were unaffected. While treatment of rats with KT109 did not alter the levels of 2-AG or AA at either site, KT109 modestly but significantly reduced PGE 2 levels in the LSC after surgery ( Figure 3B ). In contrast to KT109, administration of the general COX1/2 inhibitor ketoprofen (10 mg/kg, IP) highly suppressed PGE 2 production within the surgical site and LSC after surgery (Figure 3 ).
Effect of DAGLβ inhibition upon postoperative pain
To explore the effect of DAGLβ inhibition upon postoperative pain, we measured mechanical hyperalgesia (evoked response), incapacitance/weight bearing (functional response), and home cage locomotor activity (functional/ spontaneous response) before and after surgery. Mechanical hyperalgesia was examined in the ventral plantar aspect of the paw as well as in the area proximal to the incision site in the heel. In vehicle-treated rats, incision resulted in a significant decrease in mechanical thresholds at both sites ( Figure 4A ). Treatment of rats with KT109 or ketoprofen did not alter the mechanical thresholds at either site, consistent with previous work using clinically efficacious COX inhibitors, suggesting that the measurement of evoked responses such as paw withdrawal thresholds may not be predictive of the clinical efficacy of candidate analgesics. 38, 42 Consequently, we 
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Contribution of diacylglycerol lipase β to pain after surgery employed incapacitance/weight bearing and home cage activity as non-evoked functional measures of postsurgical pain/ disability. As expected, plantar incision induced a significant weight-bearing differential in vehicle-treated rats such that the animals placed more weight on the contralateral uninjured hind limb ( Figure 4B) . In contrast to their lack of efficacy in the evoked mechanical hyperalgesia measurements, treatment with 30 mg/kg KT109 or 10 mg/kg ketoprofen significantly reduced the postsurgical weight-bearing differential, which returned to the presurgical baseline ( Figure 4B) .
We also employed home cage locomotor activity over the 12 h dark phase period as a readout of postsurgical pain. KT109 and ketoprofen did not alter the locomotor activity or rearing at baseline (Figure 5A, B) . Consistent with previous work, plantar incision induced a significant reduction in locomotor activity (p=0.0001) and rearing (p=0.0019) in vehicle-treated rats. 28 Treatment of rats with 30 mg/kg KT109 did not alter the reduction of locomotor activity observed after surgery ( Figure 5A, B) . Surprisingly, the clinically efficacious analgesic ketoprofen likewise did not alter postsurgical locomotor activity ( Figure 5A, B) . The analgesic effects of ketoprofen persisted for only ~5 h in rats, which we hypothesized may explain its lack of efficacy in modulating the locomotor activity over the 12 h time course of the study. 16 Indeed, when locomotor activity was examined during the first 6 h after surgery, ketoprofen-treated rats demonstrated an increase in postsurgical locomotion ( Figure 5C, D) . In contrast, locomotor activity in KT109-treated rats was similar to the vehicle-treated group.
Discussion
DAGLβ is expressed in peripheral immune cells and in microglia in the central nervous system, and its activity contributes to eicosanoid production during inflammation in vitro and in vivo. 21, 45, 46 DAGLβ inhibition produces antinociceptive effects in models of inflammatory pain in mice. 46 We recently reported that 2-AG levels were increased in the cerebrospinal and synovial fluid of patients undergoing total knee arthroplasty and its levels correlated with the severity of acute postoperative pain, suggesting that conversion of The preclinical results obtained in this study demonstrate that DAGLβ inhibition modestly reduces postoperative PGE 2 production in the LSC, but does not affect PGE 2 levels at the surgical site. DAGLβ inhibition also did not alter 2-AG levels at either site, indicating that any analgesic effects observed following KT109 administration likely stem from reduction in PGE 2 levels rather than 2-AG-mediated activation of cannabinoid receptors. In contrast to KT109, COX inhibition by ketoprofen highly suppressed PGE 2 production at both anatomic sites. This is relevant because in the clinical setting, COX inhibitors reduce pain peripherally (i.e., when infiltrated into the surgical site) as well as centrally. 6, 29, 30 We examined the antinociceptive effects of DAGLβ inhibition using three complementary behavioral assays. Mechanical hyperalgesia is an evoked measure of mechanical sensitivity, and our data indicate a significant reduction in mechanical thresholds after plantar incision, consistent with previous work. 5 However, COX and DAGLβ inhibition did not rescue the surgically induced decrease in withdrawal thresholds, as was observed by others using clinically efficacious COX inhibitors. 42 This suggests that evoked measurements of mechanical sensitivity may not be predictive of the clinical efficacy of candidate analgesics, at least in the incision model of postoperative pain. Consequently, we employed two non-evoked measures of pain/disability. In the incapacitance model, both KT109 and ketoprofen reversed the weight-bearing imbalance induced by incision, a surprising result in the case of KT109 due to its modest effects upon spinal PGE 2 levels. This may suggest that incapacitance, a measure of static weight bearing, may be sensitive to weak analgesics as observed by others. 23 Acute postoperative pain manifests as ongoing/spontaneous pain at rest and pain upon ambulation, and time to ambulation is a clinically relevant measure of effective postoperative pain control. 33 
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Contribution of diacylglycerol lipase β to pain after surgery activity as a readout of spontaneous, non-evoked pain because similar to humans, postsurgical pain in rodents is associated with reduced mobility (locomotion and rearing). 4, 7, 28, 34 In our hands, the clinically efficacious analgesic ketoprofen partially rescued the incision-induced decrease in locomotor activity, indicative of analgesia. In contrast, KT109 failed to alter postsurgical locomotor or rearing activity, which reflects its modest effects upon postsurgical PGE 2 levels and weak analgesic effects. In addition to COX inhibitors, opioids are routinely employed as perioperative analgesics. As the main focus of our study was upon the 2-AG eicosanoid pathway, we compared the efficacy of KT109 against ketoprofen rather than clinically efficacious opioid analgesics such as morphine.
The lack of efficacy of KT109 contrasts the antinociceptive effects observed with this compound in models of inflammatory pain. 46 One possible explanation for this discrepancy may reflect differences in the severity of the injury and resulting pain. Indeed, acute postoperative pain is reflected by reduced locomotor activity in rodents, indicative of significant ongoing pain, while this is not observed in models of inflammatory pain. 44 In the inflammatory pain model, KT109 produced its effects solely through a peripheral mechanism at the site of inflammation, while COX inhibitors exerted their analgesic effects at the peripheral and central sites, which may further account for their greater efficacy. 6, 7, 29, 30 Although DAGLα is the main enzyme that regulates 2-AG levels in the spinal cord and its inhibition could reduce spinal eicosanoid production, global inhibition of this enzyme leads to enhanced anxiety by dampening 2-AG signaling at the brain cannabinoid receptor 1 and may, in fact, enhance pain, indicating that this enzyme is unlikely to be a suitable target for the development of systemically active analgesics. 13, 18, 24, 40, 43 Our study shows that DAGLβ contributes to PGE 2 production in the liver, but not in the brain, or at the incision site after surgery, and that it makes only a minor contribution to the postsurgical rise in PGE 2 in the LSC. These results are in line with the inconsistent efficacy of KT109 as a postsurgical analgesic across multiple different measures of pain.
Conclusion
Our study provides evidence that DAGLβ activity does not substantially contribute to postoperative PGE 2 production and indicates that this enzyme is not a suitable target for the development of analgesics to treat acute postoperative pain that are superior to those already available. Nevertheless, inhibitors targeting this enzyme may be useful for the treatment of pain associated with other conditions.
